SUMMARY The effects of intracoronary injection of two nonionic contrast media (iohexol and metrizamide) on myocardial contraction and chemical composition of coronary sinus (CS) blood were compared with those caused by the standard ionic contrast material for coronary angiography, sodium meglumine diatrizoate (R76), in 14 anesthetized dogs. The effects of each agent on regional contractility were compared in the normal state and in the presence of a critical coronary artery stenosis.
THE CARDIODEPRESSANT effects of intracoronary administration of iodinated contrast media have long been recognized.1-7 Several studies have implicated single-valence cations as a major factor responsible for the adverse effects on myocardial contractility.", 6-8 An imbalance in the ratio of sodium to calcium ions is also considered to be a factor, and the myocardial depression usually induced by ionic contrast media can be reversed by adding calcium ions.", 9, 10 Another approach to alleviating the myocardial toxicity of contrast media has been to develop contrast media devoid of sodium and other singlevalence cations.
Metrizamide, the first nonionic contrast agent, has no sodium and approximately one-third of the osmolality of the standard ionic contrast medium and causes no negative inotropic effects. 4 Metrizamide is hydrolytically unstable and must be reconstituted from the lyophilized form just before use. lohexol is a new nonionic contrast agent that is hydrolytically stable and has a shelf life similar to that of diatrizoate preparations.
The purposes of the current study were to compare the myocardial contractile effects of nonionic contrast materials (metrizamide and iohexol) with those of the standard ionic contrast medium, sodium meglumine diatrizoate; to determine the alterations in chemical composition of coronary sinus blood after intracoronary injection of these three contrast media; and to compare the effects on myocardial contractility of these agents in arteries with and without a critical coronary artery stenosis (CAS).
Materials and Methods
The study was conducted in 14 mongrel dogs that weighed 20-32 kg. All dogs were premedicated with subcutaneous morphine sulfate, 1.5 mg/kg, and anesthetized with i.v. pentobarbital sodium, 25 mg/kg. Respiration was controlled by a Harvard respirator at 12 cycles/min.
The contrast materials studied were sodium meglumine diatrizoate (R76) (Renografin-76, Squibb), iohexol (C545, Sterling-Winthrop) and metrizamide (Amipaque, Sterling-Winthrop Co.). Each material was prepared in a solution of 370 mg iodine/ml. The physical properties of each solution are shown in table 1 .
Two experimental models were used in this study ( fig. 1 ): one to study the effects on contractile state (model 1) and the other to study the effects on chemical composition of coronary sinus blood (model 2). 
Experimental Model 1
In six dogs, the experimental protocol was designed to study the effects of the contrast media on left ventricular (LV) contractile function in the normal state and in the presence of CAS. In these dogs, the proximal portion of the circumflex coronary artery was dissected free to accept a micrometer-controlled snare-type coronary artery occluder. A pressure catheter was positioned in the LV outflow tract through a small apical stab wound. A stable position in the LV outflow tract was confirmed by fluoroscopy to avoid catheter entrapment in the LV apex. LV pressure (LVP) was measured with a Statham P23 strain-gauge manometer. This signal was processed by an operational amplifier differentiator to yield LV dP/dt, which was also measured at a developed LV pressure of 50 mm Hg (dP/dt50). A modified Judkins catheter was introduced into the femoral artery and advanced to the circumflex coronary artery under fluoroscopic guidance. A pair of ultrasonic dimension crystals were positioned through small myocardial stab wounds in a subendocardial position in the region destined to become ischemic during the coronary stenosis.
The ultrasonic dimension system11 12 continuously measured transit time between the piezoelectric crystals and thereby monitored instantaneous myocardial segment length (L). L was also electronically differentiated to provide a measure of the velocity of contraction of the myocardial segment (dL/dt). LVP, LV dP/dt, L and dL/dt were recorded on a multichannel recorder during the control period before and 10 CONTR seconds, 20 seconds, 30 seconds, 1 minute and 2 minutes after each injection of contrast material. After injection of contrast media in the normal state, the occluder was gradually tightened until an initial increase in end-diastolic segment length (EDL) or endsystolic segment length (ESL), or a decrease in dL/dt occurred. Higgins et al.'-showed that this occurs when resting coronary blood flow has been reduced by 10-20% and with stenoses that reduce luminal diameter by more than 85%. The same data were obtained during the injection of 3 ml of each contrast medium in the presence of CAS. At least 5 minutes elapsed between injections to ensure that all variables had returned to control levels. The order of administration of the three contrast agents was randomized from dog to dog.
Experimental Model 2
In eight dogs, a polyethylene catheter with a flared tip was inserted through a small incision into the coronary sinus and held in place with a pursestring suture. The incision was approximately 2 cm proximal to the coronary sinus ostium. The position of the catheter tip in the coronary sinus was confirmed by injecting a small amount of contrast material under fluoroscopic observation. A modified Judkins left coronary artery catheter was introduced into the right femoral artery and advanced to the left coronary artery under fluoroscopic guidance.
After injection of 3 ml of contrast medium, fluoroscopic visualization was used to time the peak opacification and clearance of contrast material from LV dp/dt CIRCULATION 1 308 IONIC AND NONIONIC CONTRAST MEDIA/Gerber et al.
the coronary sinus after coronary arterial injection. The time of peak opacification (Tp) averaged 6.6 seconds, and the time of clearance of contrast from the sinus (Tc) averaged 13.9 seconds after the start of each injection. The duration of each injection was 3 seconds. The order of administration of the three agents was randomized among the animals. After the injection of 3 ml of each of the three contrast media, blood samples were withdrawn from the coronary sinus for the determination of ionized calcium (Ca++), sodium (Na+), potassium (K+), hematocrit and osmolality. These samples were obtained at Tp, Tc and 10 seconds after clearance (Tc + 10 seconds). It took 3 seconds to withdraw the requisite 8 ml of blood from the coronary sinus. The hematocrit was determined in duplicate for each sample immediately after withdrawal. When a suitable clot had formed in the blood specimen tubes, the samples were centrifuged and the serum was decanted. K+, Na+ and Ca++ were determined from the fresh serum samples using ion-selective electrode techniques (Clin-ion, Model AI-3, Applied Medical Technology)." Commercially available reagent standards were used to calibrate the instrument before analysis of each set of serum samples. The technician who performed the serum analysis did not know which sample corresponded to which contrast agent injection.
Statistical Analysis
To determine the overall differences between effects of the three contrast media in each experimental state and for the same contrast medium in the normal and CAS states, we used a repeated-measurements, mixedmodel, univariate analysis of variance'5 and a multivariate analysis of variance specifically applicable to growth curve analyses.'6 Pairwise t tests17 were used to compare matched variables for a particular contrast medium at different times.
Results
The mean changes in indexes of regional myocardial function are shown in figure 2 and changes in indexes of global left ventricular function in figure 3 . The mean control values of these indexes in the normal state and in the ischemic state are presented in the various indexes of regional and global myocardial contractility with the three contrast media. Except for EDL in the normal state, the effects of R76 on the indexes of global and regional LV function were significantly different from those of iohexol or metrizamide. The effects of the two nonionic contrast media were statistically indistinguishable. The multivariate growth-curve analysis of variance yielded qualitatively similar results, and hence is not reported in detail.
Contractile Effects in the Normal State
In the absence of CAS, intracoronary injection of 3 ml of R76 caused transient decreases in LVP (p < 0.003), peak dP/dt (p < 0.0002) and dP/dt50 (p < 0.0002) during the first 10 seconds after injection followed by increases in peak dP/dt and dP/dt,0 above control values by 10-20 seconds. Initially, R76 caused increases in EDL (p < 0.006) and ESL (p < 0.02) and decreases in dL/dt (p < 0.002) within the first 10 seconds. By 30 seconds after injection, EDL and ESL had decreased (p < 0.05) and dL/dt had increased (p < 0.01).
Both nonionic agents augmented global indexes of LV function, characterized by mild increases in LVP (p < 0.009), peak dP/dt (p < 0.003) and dP/dt,0 (p < 0.003). Neither nonionic contrast agent caused a significant change in EDL, but both caused a small decrease in ESL (p < 0.03) and a small increase in dL/dt (p < 0.04).
Tracings of the response to R76 in the normal state are shown in figure 4A , and tracing of the response to iohexol in figure 4B.
Contractile Effects in the Ischemic State
In the presence of CAS, the initial depression of LVP in response to R76 was similar to that in the normal state, but the initial declines in dP/dt and dP/dt50 were more severe (p < 0.003). In the presence of CAS, there were no rebound increases in peak dP/dt and dP/dt,0 after 10 seconds as there were in the normal state.
Pairwise comparison of the changes caused by R76 showed significantly more severe and prolonged depression of indexes of both global and regional myocardial function in the presence of CAS compared with the normal state. LV dP/dt and LV dP/dt.0 (i.e., global function) remained significantly more depressed (p < 0.05) in the ischemic state than in the normal state for minute after the intracoronary injection of R76. Regional function was influenced even more severely; at the end of the 2-minute observation period, ESL remained significantly larger (p < 0.05) and dL/dt significantly more depressed (p < 0.02) in the ischemic state than in the normal state.
While the initial increases in EDL and ESL in response to R76 in the presence of CAS were not significantly different from those in the normal state, there was no rebound decrease in ESL as there was in the normal state. Similarly, the initial depression of dL/dt in response to R76 was comparable in the ischemic and nonischemic states; however, in the presence of CAS, the subsequent rebound increase in dL/dt did not occur. In fact, dL/dt was depressed for the entire 2-minute observation period (p < 0.04). Tracings of the response to R76 in the presence of CAS are shown in figure 5A , and tracings of the response to iohexol in figure 5B. The absolute values for hematocrit, Ca++, Na+, K+ and osmolality of coronary sinus blood before and after the intracoronary injection of the three contrast media are shown in figure 6 . Each of the three contrast media produced comparable decreases in coronary sinus hematocrit at Tp, presumably because of the dilutional effect of the injection. All three contrast media caused similar decreases in sodium concentra- tion. R76 caused a significantly greater increase in osmolality at Tp than did the nonionic media (p < 0.03). Iohexol and metrizamide caused similar increases in coronary sinus osmolality. Neither iohexol nor metrizamide caused statistically significant changes in Ca++ or K+. R76 decreased Ca++ at Tp (p < 0.0001) and Tc (p < 0.03) and K+ at Tp (p < 0.0001).
Discussion Intracoronary administration of ionic contrast medium is known to alter myocardial function.1", 18 The initial effects include a decline in LV peak systolic pressure and inhibition of global and regional myocardial contractile function. In the normal state, these effects are transient and followed by a reflex positive inotropic effect.4 However, in the presence of acute heart failure,6 hypocalcemial or CAS,18 these deleterious effects are prolonged.
Studies of intact4' 18 and isolated hearts9 have shown differences between the responses of ischemic and normally perfused myocardium to intracoronary contrast media. Intracoronary injection of ionic iodinated contrast media in the normally perfused myocardium produces a biphasic response, consisting of an initial transient depression in myocardial contractility followed by a rebound increase 10-20 seconds after injection. In the presence of CAS, the contractile depression is prolonged and the rebound augmentation does not occur.
These effects as well as adverse electrophysiologic effects7' [20] [21] [22] [23] [24] have motivated a search for newer, less toxic contrast media. The prototype nonionic angiographic contrast material is metrizamide, which is essentially devoid of Na+ and has a lower osmolality for equal iodine concentration than do standard contrast agents. Metrizamide does not inhibit the myocardial ' 6 In the current study and in previous studies,8 25 2 ionic contrast media caused a drastic decline in Ca++.
The decrease in Ca++ after intracoronary administration of contrast media is temporally related to the myocardial depression.6 Na+ and Ca++ compete for membrane transport in the myocardial cell and participate in regulation of myocardial contractile state. 27 The present study showed a close temporal concordance between coronary sinus Ca++ and ventricular depression after R76 injection. The absence of a significant drop in Ca++ after injection of the nonionic agents is consistent with their lack of cardiodepressant effects.
The mechanism by which R76 depresses Ca++ was not established in this study. Dilutional effects may play a minor role, but other effects, such as protein binding of free Ca++ or chelation of Ca++ by citrate and EDTA in R76, probably contribute to the effect.26 R76 also significantly depressed coronary sinus K+ concentration; the nonionic compounds did not affect K+. The mechanism and significance of this finding are not known. However, R76 depressed K+ in at least one other study .25 Hyperosmolality has been suggested as a factor in the cardiodepressant effects of contrast media.2 However, in both isolateds and intact animal hearts,7 21 28 nonionic hyperosmolal solutions have positive inotropic effects. Ionic hyperosmolal solutions cause a decrease in myocardial contractile state. The present study provides additional evidence that hyperosmolality per se is of secondary importance in causing the negative inotropic effects, because iohexol, with an osmolality nearly three times that of plasma, and metrizamide, with an osmolality two times that of plasma, actually caused positive inotropic effects. Osmolality does seem to be an important factor for the electrophysiologic abnormalities during intracoronary injection,23 24 29 and nonionic materials with a lower osmolality than R76 cause less severe inhibition of impulse generation and conduction.20 22 The mechanism for prolongation of the cardiodepressant effects of R76 in the presence of ischemia is not entirely clear. In the presence of CAS, the decreased flow rate through the vessel presumably results in a longer exposure time of the contrast agent to the myocardial cell. Although we did not specifically repeat the coronary sinus Ca++ measurements in the presence of CAS, Ca++ levels would probably take longer to return to control values in this setting. Ischemic myocardium may have an increased sensitivity to either a direct effect of the contrast medium or an increased sensitivity to the Ca++ imbalance.
In conclusion, nonionic contrast agents such as iohexol and metrizamide are virtually free of significant cardiodepressant effects during coronary arteriography. The most widely used contrast medium for angiography, R76 caused profound myocardial depression, which was more prolonged and more severe in the presence of CAS. lohexol has the advantage of
